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Abstract: Oxidative stress plays an important role in the pathogenesis of nonalcoholic fatty liver disease
(NAFLD). Baicalin has been shown to exert protective effects in various liver diseases. The mechanism of
baicalin’s antioxidative effect in NAFLD is currently unclear. The aim of this study was to investigate the
effects and mechanisms of baicalin on oxidative stress in a new tissue-engineered liver model of NAFLD.
The 3D model of NAFLD was induced by a fat-supplemented medium (fatty acids, FFA group) for 8 days
and baicalin was administered on the 5th day. CCK-8 assay showed that baicalin at concentrations below
100 uM had no obvious cytotoxicity. Baicalin inhibited apoptosis and lactate dehydrogenase release in
the FFA group. Baicalin reduced the levels of reactive oxygen species and malondialdehyde induced
by FFA, and increased superoxide dismutase and glutathione amounts. However, it did not upregulate
nuclear erythroid 2-related factor 2 compared with the FFA group. Mitochondrial morphology was
partially restored after baicalin treatment, and ATP5A expression and mitochondrial membrane potential
were increased. The superoxide anion scavenging ability of baicalin was enhanced in a dose-dependent
manner. In summary, baicalin reduces oxidative stress and protects the mitochondria to inhibit apoptosis
in the 3D NAFLD model via its own antioxidant activity.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is characterized by lipid accumulation in
hepatocytes and considered to be the liver manifestation of metabolic syndrome [1]. The
pathological range of NAFLD varies from simple nonalcoholic fatty liver to nonalcoholic
fatty hepatitis (NASH), cirrhosis and even to hepatocellular carcinoma [2,3]. Oxidative
stress plays a vital role in the pathogenesis of NAFLD [4]. It results from an imbalance be-
tween pro-oxidants and antioxidants that cause damage to cells and other macromolecules,
including proteins [5,6]. The main pro-oxidant chemicals in fatty liver include superoxide
anion, hydrogen peroxide and hydroxyl radical, which are collectively referred to as reac-
tive oxygen species (ROS). Fatty acid oxidation is an important source of reactive oxygen
species in fatty liver [7]. The excess fat and ROS in the liver cause lipotoxicity and lead
to mitochondprial dysfunction, inducing damage in hepatocytes and inflammation [8-10].
Therefore, NAFLD is the most common cause of cryptogenic cirrhosis.

Currently, developing a safe and effective pharmacological treatment option for
NAFLD/NASH remains challenging. Baicalin (Cp1H13011) is an active flavonoid originat-
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ing from the root of Scutellaria baicalensis Georgi, which exerts anti-inflammatory and antiox-
idant effects in liver diseases [11]. Baicalin has various pharmacological activities, including
antitumor, antimicrobial and antioxidant effects, with wide clinical applications [12-14].
However, whether baicalin has protective effects on hepatocyte lipotoxicity and the associ-
ated mechanism remain elusive. In this study, a 3D model of tissue-engineered fatty liver
was used to investigate the effects and mechanisms of baicalin in NAFLD, mainly focusing
on antioxidation and mitochondrial function.

2. Materials and Methods
2.1. Cells and Reagents

HepG2 cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Fetal bovine serum, DMEM, pancreatin and penicillin were purchased
from Gibco (Suzhou, China). Peristaltic pumps were available from MasterFlex (USA).
PES membrane filters (0.22 um, Millex-GV) were purchased from Merck Millipore Ltd.);
intravenous indwelling needles (BD Intima II) were from Becton Dickinson medical Devices
Co. Ltd. (Suzhou, China). Oleic acid, palmitic acid and sodium deoxycholate were all
obtained from Sigma (San Francisco, CA, USA). The protein quantitation kit and the
mitochondrial membrane potential detection kit (JC-1) were obtained from Beyotime
Biotechnology Co. Ltd. (Shanghai, China). Sodium deoxycholate (SDC) and phospholipase
A2 were obtained from Sigma company (Beijing, China). Detection kits for triglyceride (TG),
malondialdehyde (MDA), reactive oxygen species (ROS), glutathione (GSH) and superoxide
dismutase (SOD) were obtained from Nanjing Jiancheng Bioengineering Research Institute
(Nanjing, China). The total antioxidant capacity assay kit with the rapid ABTS method and
the superoxide anion scavenging capacity test kit were obtained from Solarbio science &
technology co. Ltd. (Beijing, China). Baicalin, the main component of Shuganning Injection,
was provided by Guizhou Ruihe Pharmaceutical Co. Ltd.

2.2. Fat-Supplemented Medium Preparation

The fat-supplemented medium was composed of DMEM with free fatty acids (FFAs) [15].
Briefly, OA and PA (2:1) were mixed with 10 M NaOH and transferred to an ultrasonic
water bath at 60 °C for 30 min. Secondly, bovine serum albumin without fatty acids was
added, and the final pH was adjusted to 7.4 with HCL. The filtered solution (0.22 um filter)
was added to the complete medium to make the fat-supplemented medium.

2.3. Establishment of a 3D NAFLD Model (Tissue-Engineered Fatty Liver)

The NAFLD model of tissue-engineered fatty liver was prepared as previously de-
scribed [16]. Briefly, the livers of male Sprague Dawley rats (200-230 g) were decellularized
with 1% SDC buffer (including 20 uL/L phospholipase Aj;) and isolated after anesthesia as
a natural liver scaffold. A total of 30 million HepG2 cells were seeded in scaffold for 3 times,
and perfused with complete medium with a bioreactor. Bioreactor parts were assembled
under a sterile hood according to Figure 1 and placed in an incubator with 5% CO, at 37 °C.
After 24 h of seeding, the fat-supplemented medium was used instead of complete medium
to induce the tissue-engineered fatty liver. The culture medium was changed every day,
and baicalin was administered at 5 days after replacing the fat-supplemented medium for
3 days. The tissue-engineered liver, which was cultured with complete medium for 8 days,
was used as a control.

2.4. Hematoxylin and Eosin (H&E) Staining and Immunofluorescence

Liver samples were fixed with 4% formaldehyde overnight at 4 °C and submitted to
gradient dehydration. After paraffin embedding, the sections were sectioned at 7 um for
H&E staining. For immunofluorescent staining, liver tissue samples were embedded in
Optimum Cutting Temperature Medium (Sakura Finetek USA Inc., Torrance, CA, USA),
and sectioned at 7 um. The sections were fixed with 4% formaldehyde for 20 min and
washed three times with PBS. Then, they were incubated with 0.12% Triton X-100 for 10 min,
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and blocked with 10% goat serum for 1 h at room temperature. Then, the samples were
incubated with ATP5A monoclonal antibody (Invitrogen, Rockford, IL, USA) overnight at
4 °C. After washing with PBS, the sections were incubated with goat polyclonal secondary
antibodies against mouse IgG-H&L (Alexa Fluor® 647, Abcam, Cambridge, UK) for 1 h at
room temperature. Following the final wash, the sections were covered with coverslips and
examined under a fluorescence microscope (Nikon, Tokyo, Japan). The negative control
was incubated with secondary antibodies alone.

TG (miwg protein)

Control
Figure 1. Establishment of a 3D model of NAFLD based on the tissue-engineered liver. (A) The
process of model preparation. (B) Intracellular TG measurement of the FFA group liver. * p < 0.05.

2.5. Cell Viability/Cytotoxicity Assay

HepG2 cells were cultured in 96-well plates with complete medium or fat-supplemented
medium, and treated with different concentrations of baicalin for 24 h or 48 h. After
treatment, CCK-8 working solution (Dojindo, Japan) was added into each well, and the
plate was incubated for 30 min at 37 °C. Absorbance (OD) at 450 nm was measured on a
microplate spectrophotometer (Bio-Rad, Hercules, CA, USA), and the rate of cells alive was
calculated relative to controls (%).

2.6. Lactate Dehydrogenase (LDH) Measurement

LDH was used to evaluate liver function and the degree of cell damage. The culture
supernatants of the tissue-engineered fatty liver samples incubated with or without baicalin
were collected every day and sent to the Clinical Laboratory at Capital Medical University
(Beijing, China) for LDH detection.

2.7. Intracellular TG Measurements

Cells in the 3D-cultured system were harvested by digestion with type IV collagenase
(0.25 mg per 100 mL), washed with PBS and lysed for intracellular TG measurement
according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Absorbance in each cell homogenate was measured at 450 nm on a
microplate spectrophotometer (Bio-Rad). The final TG content was calculated and presented
as mM/g protein.

2.8. Western Blotting

Cells isolated from 3D-cultured livers were washed twice with PBS, followed by pro-
tein extraction with RIPA solution containing a protease inhibitor cocktail (1:50, Roche).
Protein concentrations were assessed with the bicinchoninic acid (BCA) Protein Quantifica-
tion kit. Proteins (60 nug) were separated by SDS-PAGE and transferred onto polyvinylidene
fluoride membranes. After blocking with 10% milk for 1 h, the membranes were incu-
bated with rabbit primary antibodies against cleaved caspase-3 (Cell Signaling Technology,
Danvers, MA, USA) and erythroid 2-related factor 2 (Nrf2) (Cell Signaling Technology),
followed by incubation with species-matched secondary antibodies (Anti-rabbit IgG, HRP-
linked Antibody; Cell Signaling Technology). Immunoreactive bands were detected by
enhanced chemiluminescence (Thermo Fisher Scientific, Rockford, IL, USA) and developed
by exposure on a transilluminator (Bio-Rad). 3-actin was used as an endogenous control.
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2.9. Apoptosis Detection

Harvested cells or frozen sections were fixed with 4% paraformaldehyde for 15 min,
and washed with PBS after incubation with 2% Triton for permeabilization. Then, the cells
or sections were incubated at 37 °C for 60 min with 50 pL. TUNEL staining solution (Roche,
Mannheim, Germany) in the dark and detected on a fluorescence microplate reader or
observed by fluorescence microscopy.

2.10. Mitochondrial Membrane Potential Detection

Freshly isolated cells and JC-1 working solution (5 ug/mL) were mixed and incubated
at 37 °C in the dark for 30 min. Then, the mixture was centrifuged for 4 min, and washed
with JC-1 staining buffer. Fluorescence intensity was determined on a fluorescence mi-
croplate reader (Bio Tek Instrument Inc., VT, US) at Ex/Em = 485/525 nm (monomers)
and Ex/Em = 525/590 (aggregates), respectively. MMP was calculated as the ratio of red
(aggregates) to green (monomers) signals.

2.11. Transmission Electron Microscopy (TEM)

Fresh specimens were fixed with 5% glutaraldehyde and sent to the electron mi-
croscopy laboratory of Peking University health science center. After processing, the tissues
were examined using a JEOL 1011 transmission electron microscope (JEOL, Tokyo, Japan).

2.12. Detection of Chemicals Associated with Oxidative Stress

For ROS measurement, fresh cells collected from the tissue-engineered liver were
resuspended with DMEM containing 10 uM DCFH-DA (Nanjing Jiancheng Bioengineering
Research Institute., Nanjing, China) at 37 °C for 45 min. After washing and resuspension
with PBS, cells were assessed on a fluorescence microplate reader (Bio Tek Instrument Inc.,
Winooski VT, USA). Fresh or frozen cells from the tissue-engineered liver were also used for
the measurements of MDA, SOD and GSH levels. All assays were performed in accordance
with the instructions of respective kits, and absorbance was read on a microplate reader.
The final results were normalized to protein concentration.

2.13. Detection of Antioxidant Capacity

The total antioxidant capacity (rapid ABTS method) and superoxide anion scavenging
ability of baicalin were measured with respective commercial kits (Solarbio science & tech-
nology co., Ltd., Beijing, China). Different concentrations of baicalin (0.1 uM to 1 mM) were
assessed, strictly according to the respective instructions. A microplate reader was used for
absorbance reading at 405 nm or 530; the final data were presented as percentage (%).

2.14. Statistical Analysis

Statistical analysis and graphing were performed with GraphPad Prism 6.0 (GraphPad
Software Inc., San Diego, CA, USA). Data are mean =+ SEM, and were compared by one-way
ANOVA for multiple comparisons or Student’s ¢-test for group pair comparisons. p < 0.05
was considered statistically significant.

3. Results
3.1. Successful Establishment of a 3D NAFLD Model

A 3D NAFLD model in vitro was established using human HepG2 cells subcultured on
rat liver biological matrix scaffolds, which were perfused with fat-supplemented medium (FFA
group). The tissue-engineered liver cultured with a normal medium was used as a control
(Figure 1A). Intracellular TG content in the FFA group was 2.4-fold that of the control group
(p < 0.05, Figure 1B) at 8 days, indicating the NAFLD model was successfully established.

3.2. Baicalin Reduces Cell Damage in the FFA Group

First, we determined the safe concentration of baicalin. The CCK-8 assay showed
that baicalin at 0.01 nM to 100 uM had no obvious cytotoxicity in HepG2 cells both at
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24 h and 48 h; at 1 mM, cell viability was less than 50% (Figure 2A). A high concentration
of fat-supplemented medium induced hepatocyte injury. In HepG2 cells cultured with
fat-supplemented medium (monolayer culture), baicalin treatment gradually increased
cell viability with concentration changed from 10 uM to 100 uM (Figure 2B). Therefore, we
chose 100 uM to investigate the effects of baicalin in subsequent experiments.

In the FFA group (3D culture), baicalin (100 pM) also showed a protective effect on
hepatocytes. H&E staining showed there were large amounts of damaged cells in the FFA
group, presenting cellular shrinkage, nuclear pyknosis and nuclear fragmentation; baicalin
treatment largely reduced cell death (Figure 2C). The protective effect of baicalin was also
evidenced by LDH measurements. After incubation with baicalin (100 tM), LDH release
in the FFA group was decreased by 59.7% on day 8 compared with no treatment (p < 0.05,
Figure 2D), indicating that baicalin inhibited cell injury induced by FFA and restored liver
function to a certain extent.
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Figure 2. The protective effect of baicalin on hepatocytes cultured with fat-supplemented medium.
(A) Cytotoxicity of baicalin in HepG2 cells treated for 24 h and 48 h (CCKS8 assay, n = 6). (B) After
cells were cultured with fat-supplemented medium, the effects of different concentrations of baicalin
on cell viability were detected (CCKS assay, n = 6). (C) H&E staining showed pathological changes in
the FFA group with or without baicalin treatment (200 x). (D) LDH levels in the supernatant of each
group were measured every day (n =5). * p < 0.05.

3.3. Baicalin Attenuates Oxidative Stress Process

In the animal model of NASH, the increase in ROS production in the presence of
excess FFA has been verified. Oxidative stress, especially lipid peroxidation, induces liver
injury and hepatic stellate cell activation. [17]. Therefore, we tested select indicators of
oxidative stress. The levels of ROS in the FFA group were 2-fold those of controls (p < 0.01),
and baicalin treatment significantly reduced ROS levels close to control levels (p < 0.05,
Figure 3A). MDA is an end product of lipid oxidation, which could cause cross-linking
polymerization of proteins and nucleic acids, showing cytotoxicity [18]. MDA alterations
in different groups paralleled ROS changes, suggesting baicalin reduced ROS and oxida-
tive stress-associated lipid toxic products (Figure 3B). On the contrary, baicalin increased
intracellular SOD and GSH levels, which are representative antioxidants, compared with
the FFA group (p < 0.01, Figure 3C,D).
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Figure 3. Regulatory effect of baicalin on the balance between oxidation and antioxidation. (A) ROS
contents in each group. Data were presented as mean fluorescence intensity (MFI) per mg protein
(n =5). (B) MDA levels in each group (1 = 6). (C) SOD amounts in each group (n = 5). (D) GSH levels
in each group (n = 5). * p < 0.05; ** p < 0.01; *** p < 0.001.

3.4. Protective Effect of Baicalin on the Mitochondria

Mitochondrial dysfunction involves structural and metabolic damage, especially in ox-
idative stress-related diseases [19]. ROS produced during lipid metabolism are harmful to
the mitochondria [20]. In the ultrastructure of samples from the FFA group, there were few
visible mitochondria in the cytoplasm; in addition, mitochondrial morphology and mem-
brane integrity were damaged, with multiple lipid droplets. Baicalin treatment increased
the amounts of observed mitochondria and partly restored mitochondrial morphology, and
sparse mitochondrial crista could be found in some mitochondria (Figure 4A). Further, we
detected mitochondrial function. ATP5A is a key enzyme in oxidative phosphorylation
(OXPHOS) and is responsible for energy production [21]. In the FFA group, the fluorescence
intensity of ATP5A-positive cells was weak; however, baicalin obviously increased the
expression of ATP5A (Figure 4B). Furthermore, MMP in the FFA group was reduced by
56.1% compared with controls (p < 0.05), and baicalin significantly reversed MMP close
to control values (p < 0.05, Figure 4C. These results suggested baicalin partially restored
mitochondrial function in the FFA group.

3.5. Baicalin Attenuates Apoptosis Induced by FFA

Mitochondrial dysfunction activates the mitochondrial apoptotic pathway and leads
to cell death [22]. In this study, there were great amounts of TUNEL-positive (green fluores-
cence) cells in the FFA group, and baicalin could reduce the amounts of TUNEL-positive
cells (Figure 5A). Quantitative analysis of TUNEL showed that baicalin treatment signifi-
cantly reduced fluorescence intensity compared with the FFA group (p < 0.05, Figure 5B).
Furthermore, baicalin treatment significantly reduced cleaved caspase-3 protein amounts
compared with the FFA group (p < 0.01, Figure 5C), suggesting that baicalin exerted a
protective effect on FFA-induced hepatocyte apoptosis.
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Figure 4. Ultrastructural morphology and function of mitochondria with or without baicalin treat-
ment. (A) Mitochondrial morphology was observed by transmission electron microscopy. Lipid
droplet (L), mitochondrial (M). (B) Expression of ATP5A-positive cells (red) in the FFA and baicalin
groups. DAPI was used for counterstaining. (C) MMP detected with the JC-1 fluorescence probe
(n=>5).*p <0.05.
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Figure 5. Baicalin decreases FFA-induced apoptosis. (A) TUNEL staining. TUNEL, green; DAPI,
blue. (B) Quantitative analysis of TUNEL data; results were presented as MFI (1 = 5). (C) Expression
of cleaved caspase-3 among the three groups, assessed by Western blot. Inmunoreactive bands are
shown on the left, and quantitation is shown on the right (n = 5). * p < 0.05; ** p < 0.01.
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3.6. Antioxidant Activity of Baicalin

Nuclear erythroid 2-related factor 2 (Nrf2) is a key regulator to prevent NASH, and
mediates the antioxidant response by regulating glutathione metabolism [23]. Because of
the antioxidant activity shown by baicalin in the above 3D NAFLD model, we detected
Nrf2 expression in different groups. Western blot showed that in normal culture, baicalin
significantly enhanced Nrf2 expression (p < 0.01; Figure 6A). In the FFA group, Nrf2 had
higher expression compared with controls (p < 0.01; Figure 6A); after baicalin treatment,
Nrf2 was still highly expressed, with no obvious difference compared to the FFA group
(Figure 6A).

To examine the mechanism underlying the antioxidant effect of baicalin, we further
detected the capability of baicalin itself to clear or neutralize ROS. In the total antioxidant
capacity assay, baicalin at amounts higher than 10 uM had a certain antioxidant capacity
in a dose-dependent manner (Figure 6B). In addition, we tested the scavenging activity
of baicalin of superoxide anion (-O, ™), a common ROS responsible for the promotion of
oxidative stress under various pathophysiological conditions. Baicalin showed obvious
scavenging activity in a dose-dependent manner (Figure 6C). The above findings indicated
baicalin had certain antioxidant effects due to its molecular chemical structure.

A wE
2.5
wE
i - 4
B _ = 20
o W
A °T
,{1‘0\ (S\x %{3\;_'3 — E —_ T
O™ o™ P b g2 T
(SN AN E =
To@
N2 i i 68KDa g‘é 1.04
=
=" 054
Fracing  or————— 42KDa
0.0 T T
LY o R
@6" %@\"\P Q’-a\db
NX w
o“é\@ ¢
B C
120 ="
- = %
_-E == 504
2 100 - 2
EE‘ sﬂ_ EE 40' w
[ %]
% o =1
T 60 X 30 *
2= 4] g 5 20+ .
=] el
s 2] @ 2 10 il
= (%)
= [I T @ u - T T T T L
& <+ <+ <+ & <+ &
3 &
“'F Q.l\\}‘ N \Q‘? ‘9‘? \&\? IS
Baicalin Baicalin

Figure 6. Antioxidant capacity of baicalin. (A) Representative Western blots for Nrf2 protein expres-
sion and quantification in each group (1 = 6). (B) Total antioxidant capacity assessment by the ABTS
method. (C) Superoxide anion scavenging activity assay. The concentrations of baicalin were from
0.1 uM to 1 mM. Duplicate experiments were repeated three times. All the values were compared
with controls (0 uM baicalin), * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

Baicalin is found as a glycoside in Scutellaria baicalensis Georgi, whose roots have
been extensively used as a traditional medicine in many East Asian countries to reduce
inflammation. Previous studies have shown baicalin possesses a wide range of biological
and pharmacological functions, including antiinflammation, anticancer and antipruritic
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effects [24]. This study firstly found baicalin attenuated FFA-induced apoptosis to exert cell
protection in the NAFLD model through its own antioxidation (Figure 7).

FFA

Peroxidation

H,O
< : Lipid
@.@ SOD pic
_)i‘g — Hzoz e Protein
ROS Membrane

Mitochondrial

T neutralization

2 l

Cell death/apoptosis

Baicalin

Figure 7. Summary of baicalin attenuating FFA-induced oxidative stress by scavenging reactive
oxygen species. 3-oxidation is the major oxidative pathway for fatty acids and a major source of ROS
in mitochondria. ROS is converted to HyO, under the action of SOD, and then H,O, is decomposed
into non-toxic HyO under the action of GSH. A lot of FFA leads to the imbalance between oxidation
and antioxidation, producing excessive H,O,, which can cause damage to fat, protein, cell membrane
and mitochondria, finally leading to cell death or apoptosis. Baicalin directly neutralizes ROS and
reduces cell damage from oxidative stress, finally decreasing cell death/apoptosis.

In the current study, a new 3D model of NAFLD was utilized. This model was
composed of rat liver-specific biomatrix scaffolds and human hepatic cells, induced by
a high-fat medium. Its biological characteristics included increased insulin resistance,
and elevated urea, albumin and CYP450, consistent with the clinical features of human
NAFLD [15,25,26]. We found baicalin significantly reduced hepatocyte injury in the FFA
group but the mechanism remains unclear. Previous findings suggested that baicalin com-
bined with puerarin and berberine could reduce liver lipid accumulation and improve liver
function [27]. In addition, baicalin alone activates hepatic carnitine palmitoyltransferase 1
(CPT1) to ameliorate diet-induced obesity and hepatic steatosis [28]. However, the actual
damage to hepatocytes is the second hit in the “two-hit” theory of NAFLD, a consequence
of increased ROS production in the liver due to increased metabolism of FFA, and pro-
moting mitochondrial dysfunction, the upregulation of proinflammatory cytokines and
hepatic stellate cell activation [29]. In this study, baicalin reduced ROS levels in the FFA
group and lipid peroxidation, reflected by MDA. Meanwhile, it also increased the contents
of antioxidants, including SOD and GSH. All these changes decreased the cytotoxicity
induced by peroxidation to a certain degree.

The effects of baicalin on oxidative stress also conferred mitochondrial protection. It
is known that mitochondria play an important role in the occurrence and development
of oxidative stress. Increased oxidative stress can damage mitochondria, and subsequent
mitochondrial dysfunction increases the accumulation of mitochondrial ROS, leading to
cell damage [19]. Mitochondrial damage may be the basis of the development of NAFLD
because it changes the energy homeostasis and stimulates the production of ROS [30]. MMP
destruction is the main marker of mitochondrial dysfunction. MMP loss leads to the loss of
the mitochondrial electron transport chain, reduced metabolic oxygen consumption, ATP
depletion and low-energy metabolism [31]. Indeed, in the FFA group, MMP and ATP5A
expression were both significantly decreased due to excessive ROS, and the amounts of
mitochondria were reduced under an electron microscope. Baicalin treatment significantly
reversed MMP and ATP5A expression, indicating an amelioration of mitochondrial func-
tion. In addition, oxidative stress on the mitochondria can induce permeabilization and
cytochrome c release, triggering the mitochondrial apoptotic pathway [19]. In the present
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study, the protective effect of baicalin on the mitochondria also inhibited FFA-induced
apoptosis, evidenced by decreased TUNEL expression and cleaved caspase-3 expression.
Therefore, baicalin could reduce cell injury and ameliorate hepatocyte function.

How baicalin mediates the antioxidant response in the NAFLD model remains an open
question. Nrf2 is the master regulator of the primary factors involved in cellular defense
through the mediation of antioxidation [23]. In response to oxidative stress, activated
Nrf2 translocates into the nucleus and regulates genes driven by antioxidant response
elements, including heme oxygenase-1 and NAD(P)H, glutathione S-transferase (GST) and
glutathione peroxidase [32]. Baicalin alleviates oxidative stress via the Nrf2 pathway in
diabetic nephropathy and alcoholic liver disease [23,33]. In our study, baicalin upregulated
Nrf2 under normal conditions because of its feature of activation on the Nrf2 pathway,
which was proved in other studies [33]. However, in the FFA group with or without baicalin
treatment, Nrf2 was upregulated, which seems confusing. Upregulation of Nrf2 induced by
oxidative stress is positively regulated for cell defense; in this instance, upregulation of Nrf2
induced by baicalin was masked, which suggested the mechanism of baicalin-mediated
antioxidation was not mainly dependent on the Nrf2 pathway in the 3D model of NAFLD.

An interesting finding was that baicalin itself had strong antioxidative effects due
to its molecular chemical structure, which was considered an important mechanism in
this study. Baicalin has many -OH groups that are easily oxidizable by ROS, which could
reduce the deleterious effects of ROS on other organelles and alleviate the oxidative stress
response to a certain extent. Baicalin performed well in both total antioxidant capacity and
superoxide anion scavenging activity, in a dose-dependent manner. From this point of view,
baicalin might directly scavenge ROS to reduce the associated damage on mitochondria
and cells in the fatty liver. Accordingly, the enhancement of SOD and GSH by baicalin
was more likely due to reduced consumption rather than increased synthesis. In addition,
baicalin alleviated cell swelling, leukocyte infiltration and carnitine palmitoyltransferase
1 activation to ameliorate hepatic steatosis, all of which contributed to baicalin-induced
protection of hepatic cells from necrosis [28,34,35].

5. Conclusions

Baicalin attenuates oxidative stress to suppress apoptosis and mitochondrial dysfunc-
tion via its own antioxidant capacity in a 3D model of NAFLD. Since oxidative stress
regulation and ROS elimination are important directions in liver prevention and NAFLD
treatment, this study provides new ideas for the clinical treatment of NAFLD, as well as
experimental data regarding the pharmacological effects of baicalin.

Author Contributions: Conceptualization, X.Z., Z.D. and B.X.; experiment, W.G., X.Z. and Y.Z,;
writing—original draft, W.G., validation, Y.C. and S.L., formal analysis, B.X. and Z.D.; methodology,
resources and funding acquisition, Y.C. and X.Z.; writing—review and editing, Y.C. and X.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Beijing Natural Science Foundation [7202070], Chinese
Foundation for Hepatitis Prevention and Control-TianQing Liver Disease Research Fund Subject
[TQGB20200101], National Natural Science Foundation [81500472], the Special key research project of
capital health development scientific research (SF2021-1G-2181) and Beijing Advanced Innovation
Center for Big Data-based Precision Medicine (PXM2021_014226_000026).

Institutional Review Board Statement: The animal study protocol was approved by the Capital Medi-
cal University Animal Experiments and Experimental Animals Management Committee (AEEI-2020-076).

Informed Consent Statement: Not applicable.

Data Availability Statement: All the raw data are available from the corresponding author upon
reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.



Nutrients 2022, 14, 541 11 of 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Xi, Y.; Wu, M; Li, H;; Dong, S.; Luo, E.; Gu, M,; Shen, X,; Jiang, Y.; Liu, Y.; Liu, H. Baicalin Attenuates High Fat Diet-Induced
Obesity and Liver Dysfunction: Dose-Response and Potential Role of CaMKKf /AMPK/ACC Pathway. Cell Physiol. Biochem.
2015, 35, 2349-2359. [CrossRef]

Hardy, T.; Oakley, F.; Anstee, Q.M.; Day, C.P. Nonalcoholic Fatty Liver Disease: Pathogenesis and Disease Spectrum. Annu. Rev.
Pathol. 2016, 11, 451-496. [CrossRef]

Birkenfeld, A.L.; Shulman, G.I. Nonalcoholic fatty liver disease, hepatic insulin resistance, and type 2 diabetes. Hepatology 2014,
59, 713-723. [CrossRef]

Huang, T.; Liu, Y.; Zhang, C. Pharmacokinetics and Bioavailability Enhancement of Baicalin: A Review. Eur. J. Drug Metab.
Pharmacokinet. 2019, 44, 159-168. [CrossRef]

Huang, B.; Bao, J.; Cao, Y.-R.; Gao, H.-E; Jin, Y. Cytochrome P450 1A1 (CYP1A1) Catalyzes Lipid Peroxidation of Oleic Acid-
Induced HepG2 Cells. Biochemistry 2018, 83, 595-602. [CrossRef]

Bachi, A.; Dalle-Donne, I.; Scaloni, A. Redox Proteomics: Chemical Principles, Methodological Approaches and Biologi-
cal/Biomedical Promises. Chem. Rev. 2012, 113, 596-698. [CrossRef]

Gao, H.; Cao, Y;; Xia, H.;; Zhu, X,; Jin, Y. CYP4Al1 is involved in the development of nonalcoholic fatty liver disease via
ROS-induced lipid peroxidation and inflammation. Int. J. Mol. Med. 2020, 45, 1121-1129. [CrossRef]

Ferramosca, A.; Di Giacomo, M.; Zara, V. Antioxidant dietary approach in treatment of fatty liver: New insights and updates.
World ]. Gastroenterol. 2017, 23, 4146—4157. [CrossRef]

Xu, L.; Nagata, N.; Ota, T. Impact of Glucoraphanin-Mediated Activation of Nrf2 on Non-Alcoholic Fatty Liver Disease with a
Focus on Mitochondrial Dysfunction. Int. J. Mol. Sci. 2019, 20, 5920. [CrossRef]

Forrester, S.J.; Kikuchi, D.S.; Hernandes, M.S.; Xu, Q.; Griendling, K.K. Reactive Oxygen Species in Metabolic and Inflammatory
Signaling. Circ. Res. 2018, 122, 877-902. [CrossRef]

Wang, H.; Ma, X.; Cheng, Q.; Wang, L.; Zhang, L. Deep Eutectic Solvent-Based Ultrahigh Pressure Extraction of Baicalin from
Scutellaria baicalensis Georgi. Molecules 2018, 23, 3233. [CrossRef]

Wang, Z.; Ma, L.; Su, M,; Zhou, Y.; Mao, K,; Li, C.; Peng, G.; Zhou, C.; Shen, B.; Dou, J. Baicalin induces cellular senescence in
human colon cancer cells via upregulation of DEPP and the activation of Ras/Raf/MEK/ERK signaling. Cell Death Dis. 2018, 9,
217. [CrossRef]

Yang, J.-Y,; Li, M.; Zhang, C.-L.; Liu, D. Pharmacological properties of baicalin on liver diseases: A narrative review. Pharmacol.
Rep. 2021, 73, 1230-1239. [CrossRef]

Hung, C.-H.; Wang, C.-N.; Cheng, H.-H.; Liao, ].-W.; Chen, Y.-T.; Chao, Y.-W,; Jiang, J.; Lee, C.-C. Baicalin Ameliorates Imiquimod-
Induced Psoriasis-Like Inflammation in Mice. Planta Med. 2018, 84, 1110-1117. [CrossRef]

Zhang, X.; Zhang, Y.; Gao, W.; Guo, Z.; Wang, K,; Liu, S.; Duan, Z.; Chen, Y. Naringin improves lipid metabolism in a
tissue-engineered liver model of NAFLD and the underlying mechanisms. Life Sci. 2021, 277, 119487. [CrossRef]

Wu, Q; Liu, J; Liu, L.; Chen, Y.; Wang, J.; Leng, L.; Yu, Q.; Duan, Z.; Wang, Y. Establishment of an ex Vivo Model of Nonalcoholic
Fatty Liver Disease Using a Tissue-Engineered Liver. ACS Biomater. Sci. Eng. 2018, 4, 3016-3026. [CrossRef]

Okina, Y.; Sato-Matsubara, M.; Matsubara, T.; Daikoku, A.; Longato, L.; Rombouts, K.; Thanh Thuy, L.T.; Ichikawa, H.;
Minamiyama, Y.; Kadota, M.; et al. TGF-betal-driven reduction of cytoglobin leads to oxidative DNA damage in stellate cells
during non-alcoholic steatohepatitis. J. Hepatol. 2020, 73, 882-895. [CrossRef]

Cai, J.-G.; Luo, L.-M,; Tang, H.; Zhou, L. Cytotoxicity of Malondialdehyde and Cytoprotective Effects of Taurine via Oxidative
Stress and PGC-1« Signal Pathway in C,Cyqy Cells. Mol. Biol. 2018, 52, 532-542. [CrossRef]

Kim, S.H.; Kim, H. Inhibitory Effect of Astaxanthin on Oxidative Stress-Induced Mitochondrial Dysfunction-A Mini-Review.
Nutrients 2018, 10, 1137. [CrossRef]

Angelova, P.R; Esteras, N.; Abramov, A.Y. Mitochondria and lipid peroxidation in the mechanism of neurodegeneration: Finding
ways for prevention. Med. Res. Rev. 2020, 41, 770-784. [CrossRef]

Choong, C.-J.; Okuno, T.; Ikenaka, K.; Baba, K.; Hayakawa, H.; Koike, M.; Yokota, M.; Doi, J.; Kakuda, K.; Takeuchi, T.; et al.
Alternative mitochondrial quality control mediated by extracellular release. Autophagy 2020, 17, 2962-2974. [CrossRef]

Sun, Y; Ge, X;; Li, X;; He, J.; Wei, X.; Du, J.; Sun, J.; Li, X; Xun, Z.; Liu, W.; et al. High-fat diet promotes renal injury by inducing
oxidative stress and mitochondrial dysfunction. Cell Death Dis. 2020, 11, 914. [CrossRef]

Xu, D.; Xu, M;; Jeong, S.; Qian, Y.; Wu, H.; Xia, Q.; Kong, X. The Role of Nrf2 in Liver Disease: Novel Molecular Mechanisms and
Therapeutic Approaches. Front. Pharmacol. 2019, 9, 1428. [CrossRef]

Wang, G.; Liang, J.; Gao, L.-R;; Si, Z.-P.; Zhang, X.-T,; Liang, G.; Yan, Y.; Li, K.; Cheng, X.; Bao, Y.; et al. Baicalin administration
attenuates hyperglycemia-induced malformation of cardiovascular system. Cell Death Dis. 2018, 9, 234. [CrossRef]

Ore, A.; Akinloye, O.A. Oxidative Stress and Antioxidant Biomarkers in Clinical and Experimental Models of Non-Alcoholic
Fatty Liver Disease. Medicina 2019, 55, 26. [CrossRef]

Turner, R.; Lozoya, O.; Wang, Y.; Cardinale, V.; Gaudio, E.; Alpini, G.; Mendel, G.; Wauthier, E.; Barbier, C.; Alvaro, D.; et al.
Human hepatic stem cell and maturational liver lineage biology. Hepatology 2011, 53, 1035-1045. [CrossRef]

Zhao, W.; Liu, L.; Wang, Y.; Mao, T.; Li, J. Effects of a combination of puerarin, baicalin and berberine on the expression of
proliferator-activated receptor-gamma and insulin receptor in a rat model of nonalcoholic fatty liver disease. Exp. Ther. Med.
2016, 11, 183-190. [CrossRef]


http://doi.org/10.1159/000374037
http://doi.org/10.1146/annurev-pathol-012615-044224
http://doi.org/10.1002/hep.26672
http://doi.org/10.1007/s13318-018-0509-3
http://doi.org/10.1134/S0006297918050127
http://doi.org/10.1021/cr300073p
http://doi.org/10.3892/ijmm.2020.4479
http://doi.org/10.3748/wjg.v23.i23.4146
http://doi.org/10.3390/ijms20235920
http://doi.org/10.1161/CIRCRESAHA.117.311401
http://doi.org/10.3390/molecules23123233
http://doi.org/10.1038/s41419-017-0223-0
http://doi.org/10.1007/s43440-021-00227-1
http://doi.org/10.1055/a-0622-8242
http://doi.org/10.1016/j.lfs.2021.119487
http://doi.org/10.1021/acsbiomaterials.8b00652
http://doi.org/10.1016/j.jhep.2020.03.051
http://doi.org/10.1134/S0026893318040040
http://doi.org/10.3390/nu10091137
http://doi.org/10.1002/med.21712
http://doi.org/10.1080/15548627.2020.1848130
http://doi.org/10.1038/s41419-020-03122-4
http://doi.org/10.3389/fphar.2018.01428
http://doi.org/10.1038/s41419-018-0318-2
http://doi.org/10.3390/medicina55020026
http://doi.org/10.1002/hep.24157
http://doi.org/10.3892/etm.2015.2846

Nutrients 2022, 14, 541 12 of 12

28.

29.

30.

31.

32.

33.

34.

35.

Daij, J.; Liang, K.; Zhao, S.; Jia, W.; Liu, Y.; Wu, H.-K,; Lv, J.; Cao, C.; Chen, T.; Zhuang, S.; et al. Chemoproteomics reveals baicalin
activates hepatic CPT1 to ameliorate diet-induced obesity and hepatic steatosis. Proc. Natl. Acad. Sci. USA 2018, 115, E5896-E5905.
[CrossRef]

Borrelli, A.; Bonelli, P; Tuccillo, EM.; Goldfine, L.D.; Evans, ].L.; Buonaguro, FM.; Mancini, A. Role of gut microbiota and oxidative
stress in the progression of non-alcoholic fatty liver disease to hepatocarcinoma: Current and innovative therapeutic approaches.
Redox Biol. 2018, 15, 467-479. [CrossRef]

McManus, M.J.; Murphy, M.P,; Franklin, J.L. Mitochondria-derived reactive oxygen species mediate caspase-dependent and
-independent neuronal deaths. Mol. Cell. Neurosci. 2014, 63, 13-23. [CrossRef]

Esselun, C.; Bruns, B.; Hagl, S.; Grewal, R.; Eckert, G.P. Differential Effects of Silibinin A on Mitochondrial Function in Neuronal
PC12 and HepG2 Liver Cells. Oxidative Med. Cell. Longev. 2019, 2019, 1652609. [CrossRef]

Nguyen, T.; Nioi, P; Pickett, C.B. The Nrf2-Antioxidant Response Element Signaling Pathway and Its Activation by Oxidative
Stress. J. Biol. Chem. 2009, 284, 13291-13295. [CrossRef]

Ma, L.; Wu, E; Shao, Q.; Chen, G.; Xu, L.; Lu, F. Baicalin Alleviates Oxidative Stress and Inflammation in Diabetic Nephropathy
via Nrf2 and MAPK Signaling Pathway. Drug Des. Dev. Ther. 2021, 15, 3207-3221. [CrossRef]

Liu, L.-L.; Gong, L.-K; Wang, H.; Xiao, Y.; Wu, X.-F; Zhang, Y.-H.; Xue, X.; Qi, X.-M.; Ren, J. Baicalin protects mouse from
Concanavalin A-induced liver injury through inhibition of cytokine production and hepatocyte apoptosis. Liver Int. 2007, 27,
582-591. [CrossRef]

Hwang, J.-M.; Wang, C.-J.; Chou, E-P; Tseng, T.-H.; Hsieh, Y.-S.; Hsu, ].-D.; Chu, C.-Y. Protective effect of baicalin on tert-butyl
hydroperoxide-induced rat hepatotoxicity. Arch. Toxicol. 2005, 79, 102-109. [CrossRef]


http://doi.org/10.1073/pnas.1801745115
http://doi.org/10.1016/j.redox.2018.01.009
http://doi.org/10.1016/j.mcn.2014.09.002
http://doi.org/10.1155/2019/1652609
http://doi.org/10.1074/jbc.R900010200
http://doi.org/10.2147/DDDT.S319260
http://doi.org/10.1111/j.1478-3231.2007.01450.x
http://doi.org/10.1007/s00204-004-0588-6

	Introduction 
	Materials and Methods 
	Cells and Reagents 
	Fat-Supplemented Medium Preparation 
	Establishment of a 3D NAFLD Model (Tissue-Engineered Fatty Liver) 
	Hematoxylin and Eosin (H&E) Staining and Immunofluorescence 
	Cell Viability/Cytotoxicity Assay 
	Lactate Dehydrogenase (LDH) Measurement 
	Intracellular TG Measurements 
	Western Blotting 
	Apoptosis Detection 
	Mitochondrial Membrane Potential Detection 
	Transmission Electron Microscopy (TEM) 
	Detection of Chemicals Associated with Oxidative Stress 
	Detection of Antioxidant Capacity 
	Statistical Analysis 

	Results 
	Successful Establishment of a 3D NAFLD Model 
	Baicalin Reduces Cell Damage in the FFA Group 
	Baicalin Attenuates Oxidative Stress Process 
	Protective Effect of Baicalin on the Mitochondria 
	Baicalin Attenuates Apoptosis Induced by FFA 
	Antioxidant Activity of Baicalin 

	Discussion 
	Conclusions 
	References

